Linearly polarized light emission is analyzed in nonpolar light-emitting diodes (LEDs) covering the blue to green spectral range. In photoluminescence, m-plane GaInN/GaN structures reach a polarization ratio from 0.70 at 460 nm to 0.89 at 515 nm peak wavelength. For a-plane structures, the polarization ratio is 0.53 at 400 nm and 0.60 at 480 -510 nm. In electroluminescence the polarization ratio is 0.77 at 505 nm in 350 Â 350 m 2 m-plane devices at 20 mA. Such a device should allow 44% power saving compared with nonpolarized c-plane LEDs combined with a polarizing filter, as commonly used in LED-backlit liquid crystal displays. # 2010 The Japan Society of Applied Physics DOI: 10.1143/APEX.3.102103 E mitters of linearly polarized light are most suitable for pairing with polarized transmission modulators like nematic-phase liquid crystals used in liquid crystal displays (LCDs). Avoiding the generation of light that cannot be transmitted by a modulator can significantly enhance the display system's overall power efficiency. Linearly polarized light can be efficiently generated in GaInN/GaN-based light-emitting diodes (LEDs) on a bulk GaN substrate.
mitters of linearly polarized light are most suitable for pairing with polarized transmission modulators like nematic-phase liquid crystals used in liquid crystal displays (LCDs). Avoiding the generation of light that cannot be transmitted by a modulator can significantly enhance the display system's overall power efficiency. Linearly polarized light can be efficiently generated in GaInN/GaN-based light-emitting diodes (LEDs) on a bulk GaN substrate. [1] [2] [3] For wurtzite GaInN/GaN quantum well (QW) growth along the polar c-axis, piezoelectric fields are induced across the QWs, leading to an unacceptable variation of emission wavelength with drive current. 4) These effects can be avoided by growth along axes perpendicular to the c-axis, e.g., along the m-and a-axes. [5] [6] [7] Furthermore, structures grown along such nonpolar axes show a high degree of linearly polarized light emission.
The valence band maximum in wurtzite GaN has symmetries of À 9v jx þ iyi-like heavy hole (HH), À 7v jx À iyilike light hole (LH), and À 7v jzi-like crystal field split-off hole (CH), in order of decreasing electron energy. Here we define Cartesian coordinates x along the a-axis, y along the m-axis, and z along the c-axis. Transitions between the À 7c electron state and both the À 9v (HH) and À 7v (LH) states are allowed for E k c, while the transition to À 7v (CH) is allowed for E ? c, where E is the field vector of electric dipole radiation. For pseudomorphically strained GaInN/GaN QWs, in the case of isotropic biaxial strain within the QW plane, the jxi and jyi states of HH and LH remain degenerate and light emission involving E ? c propagating along the c-axis will be unpolarized. This is the case for polar c-plane QWs.
For nonpolar GaInN/GaN heterostructures where the crystal c-axis lies within the QW plane, large in-x-z-plane anisotropic strain breaks the symmetry in the x-y plane. This splits the jx AE iyi states into jxi and jyi states. Accordingly, for m-plane QWs, the valence bands are reconstructed in the order of jxi, jzi, and jyi with decreasing energy. Recombination prefers the lower-energy transition between À 7c electrons and jxi-like holes, resulting in a high degree of a-axis-polarized light emission from the m-plane episurface. Conversely, for a-plane QWs, a high degree of m-axispolarized light emission is obtained. 21Þ semipolar LEDs. 11) However, highly polarized LEDs in the green to deep green spectral region (500 to 550 nm), matching the wavelength of maximum sensitivity of the human eye, have not been reported to the best of our knowledge. Here we report on the polarized light emission in ð1 " 100Þ m-plane and ð11 " 20Þ a-plane GaInN/GaN multiple QW (MQW) structures with peak emission wavelength from 400 to 515 nm. In addition, we present a 505 nm green LED with ¼ 0:77 in EL.
Free-standing bulk GaN crystals of 50 mm diameter and up to 7 mm thickness were grown along the c-axis by hydride vapor phase epitaxy. After growth, crystals were diced along both the m-and a-planes, producing rectangle wafers of 5 Â 10 mm 2 size and surface offcut <0:2 . Surfaces were prepared by chemomechanical polishing to a roughness of 0.5 nm rms on both planar surfaces. MQW and full LED structures were grown in m-axis and a-axis homoepitaxy by metal organic vapor phase epitaxy. 3, 7) After the growth of 1-m-thick Si-doped n-GaN, an active region of five or eight pairs of Ga 1Àx In x N/GaN QWs was grown. The QW and barrier thicknesses are 3 -4 and 20 -25 nm, respectively. The InN fraction x and well width L z were determined by combining the MQW-averaged alloy composition obtained from X-ray diffraction with the actual layer thicknesses derived from high-resolution transmission electron microscopy. 12) Smooth epitaxy without V-defects was confirmed by atomic force microscopy of the growth plane after MQW growth. Residual roughness in the a-plane structures 3) was 1.2 -3.0 nm rms and 0.2 -0.5 nm rms in the m-plane structures. 7) Uniform alloying was confirmed by well-resolved X-ray diffraction.
3,7) One sample was capped by a 15-nm-thick Al 0:18 Ga 0:82 N electron blocking layer and 120-nm-thick p-GaN to form a full LED structure. Excitation above the barrier band gap on the top surface was achieved by the 325 nm line of a HeCd laser at a beam power density of 10 mW/mm 2 . For the polarization analysis of EL and PL spectra, the light emitted from the substrate side of the planar structure was passed through a rotating linear polarizer, and an optical fiber, dispersed by a 50 mm spectrometer, and coupled into a charge-coupled device (CCD). The polarization ratio was obtained in PL at room temperature for a series of m-plane and a-plane MQW structures with peak emission wavelength in the range of 400 to 515 nm as summarized in Fig. 1(c) . Relevant literature data are included for comparison. 9, 10, 13) In the m-plane MQWs the polarization ratio tends to increase with peak emission wavelength. The same is seen in the a-plane structures but with lower values of polarization ratio and a slower increase.
Optical polarization properties in nonpolar and semipolar GaInN/GaN structures have been studied theoretically in the literature. [14] [15] [16] [17] According to such works, the valence band splitting is dominated by x and, to a lesser extent, L z . 15) By incorporating more indium in the QW, the in-plane anisotropic strain increases and further splits the valence bands. The result is an increasing statistical preference for recombination through the higher-lying valence band, leading to a higher . A decreasing L z increases quantum confinement which causes less valence band splitting. Our experimental data for m-and a-plane structures show an increasing when the emission wavelength increases from blue to deep green [ Fig. 1(c) ], which is in agreement with the theoretical results.
Throughout the wavelength range studied, the m-plane structures show larger than the a-plane ones of similar x and L z . Near 485 nm [dashed line in Fig. 1(c) ] in the m-plane structure (x ¼ 0:128, L z ¼ 3:3 nm) is 30% higher than that in the a-plane structure (x ¼ 0:143, L z ¼ 3:5 nm). Current theory does not predict this fact. Instead, in-plane strain and the quantum confinement effect should produce the same amount of splitting in both geometries. 13, 14) The higher roughness observed in the a-plane structures possibly leads to a relaxation of the polarization selection rules in the respective QWs.
The high degree of linear polarization is also maintained in EL operation of the respective LED. The transversal polarization in the far-field EL emission propagating along the m-axis of the 505 nm green m-plane Ga 1Àx In x N/GaN (x ¼ 0:18, L z ¼ 3:9 nm) LED is analyzed in Fig. 2(a) . Spectra correspond to the components polarized along the a-and c-axes. The former spectrum has a single peak at 505 nm, while the latter has a peak at 491 nm with 13% of the intensity of the peak at 505 nm. The peak separation of 70 meV and the relative intensities directly reflect the splitting of the valence band states involved. The angular dependence of the polarized EL intensity out of the m-plane is shown in Fig. 2(b) . The data can be well fitted by the assumption of two linear polarization components I kc and I ka along the c-and a-axes, respectively: I ¼ I kc cos 2 þ I ka sin 2 . This attests a very low component of random polarization, such as in the result of light scattering within the LED die structure.
The intensity ratio is determined to be ¼ 0:77. To our knowledge, this is the highest value obtained in top surface it is along the a-axis.
emission of any AlGaInN LED for wavelengths longer than 500 nm from planar surface emission. We expect that higher -values can be achieved with proper packaging and suppression of die edge emission.
For anisotropic strain in m-plane heterostructures, disregarding spin-orbital coupling and the quantum confinement effect, Kojima et al. 15) found the following expression for the splitting between the jxi-and jzi-like states:
Here Á cr is the crystal-field splitting energy, D i are the deformation potentials, and " i j are the strain tensor components. For the case of our LED we would expect a splitting energy of 40 meV, significantly less than the observed peak separation. The discrepancy could be due to the quantum confinement effect which is neglected in eq. (1). For linearly polarized emitters, the higher at 505 nm and the trend of a further increase in with wavelength suggests that for 530 nm green and 550 nm deep-green LEDs, m-plane structures should be used rather than a-plane structures.
For the application in backlighting units for LCD modulators, we compare the quantitative spectra of green m-and c-plane LEDs with and without linear polarizers (Fig. 3) . While passage through the linear polarizer reduces the light output in the c-plane LED by 57.7% [ Fig. 3(a) ], for the m-plane LED the corresponding loss is only 25.4%. This results in a higher overall system efficiency enhancement factor ¼ 1 þ 1=. For our case of ¼ 0:77, one can achieve the same power of linearly polarized light with 1= ¼ 44% less source light power. The approach therefore becomes competitive as soon as the linearly polarized green LED reaches an efficiency of 1=ð1 þ Þ of that of the competing unpolarized light source.
In summary, the optical polarization in GaInN/GaN-based green LEDs grown along different nonpolar crystal orientations is analyzed. In m-plane LEDs, we achieve a very high polarization ratio of ¼ 0:77 in the green emission spectral range (>500 nm). Lower values are observed in a-plane MQWs. For the application in a polarized light source, significant power savings are possible due to the avoidance of light generation in the unwanted polarization state. 
